Background/Aims: Endoplasmic reticulum (ER) stress is an important event in atherosclerosis. Recent studies have shown that ER stress deregulates cholesterol metabolism via multiple pathways. This study aimed to determine the relationship between ER stress and lipid metabolism and to verify that upregulation of miR-33 is involved in this process. Methods: An atherosclerosis model was established in apolipoprotein E-deficient (ApoE -/-) mice fed a Western diet, and THP-1 derived macrophages were used in this study. Hematoxylin-eosin and Oil Red O staining were used to quantify the atherosclerotic plaques. 1,1′-Dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate labeled oxidized low-density lipoprotein binding assay and a Cholesterol Efflux Fluorometric Assay Kit were used to observe cholesterol uptake and efflux. The mRNA and protein levels of biomarkers associated with ER stress and cholesterol metabolism in atherosclerotic plaques and macrophages were evaluated by real-time PCR and western blotting, respectively. Immunofluorescence was used to observe alterations of ABCA1 localization. Small interfering RNAs were used to knock down CHOP and miR-33 in macrophages to alter CHOP and miR-33 expression. Results: Atherosclerotic lesions and systemic lipid levels were ameliorated after inhibition of ER stress (tauroursodeoxycholic acid) in vivo. In vitro studies confirmed that ER stress regulated the lipid catabolism of macrophages by promoting cholesterol uptake, inhibiting cholesterol efflux, and modulating the expression of related transporters. CHOP contributed to lipid metabolism disorder following ER stress. Furthermore, over-expression of miR-33 was involved in ER stress that induced lipid metabolism disorder in macrophages. These findings support a model of ER 
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Introduction
Atherosclerosis is a chronic inflammatory disease characterized by the accumulation of cholesterol-laden macrophages, cell death, and fibrosis in artery walls [1] . Maintenance of intracellular lipid homeostasis is vital for cell survival and function, and macrophages play a pivotal role in atherogenesis through the regulation of lipid metabolism [2, 3] . Normally, modified low-density lipoproteins (LDLs) are engulfed by scavenger receptors (SRs) on macrophages and removed through reverse cholesterol transport [4, 5] . Then, lipiddepleted macrophages can migrate from the intima to reduce lesional inflammation. When lipids are present in excess, the metabolic capacity of macrophages is impaired, accelerating macrophage foam cell formation and contributing to plaque formation, plaque rupture, and acute cardiac death [3, 6, 7] . Therefore, efficient removal of lipids is essential for the prevention of foam cell formation and for the reversal of lipid buildup in atherosclerotic plaques. Treatments directed toward lipid removal represent a promising strategy for the treatment of atherosclerosis [8] .
The endoplasmic reticulum (ER) is responsible for several functions that are necessary to maintain cellular homeostasis such as folding and transport of secretory and membrane proteins [9] . However, the accumulation of misfolded proteins (ER stress) triggers the unfolded protein response (UPR), which is an important event during the initiation, development, and clinical progression of atherosclerosis [10, 11] . High concentrations of stressors such as intracellular free cholesterol, oxysterols, and oxidized LDL (ox-LDL) can provoke ER stress severe enough to activate lipid-laden macrophage apoptosis and plaque necrosis [12] . However, in some circumstances, ER stress alone does not induce apoptosis in macrophages [12] [13] [14] [15] . The role of ER stress in atherosclerosis is not limited to the activation of apoptotic responses, as it also participates in macrophage lipid metabolism, inflammation, and metabolism. A recent study showed that ER stress deregulates cholesterol metabolism in human hepatic cells by inhibiting 3-hydroxy-3-methyl glutaryl coenzyme A reductase-mediated cholesterol synthesis and by impairing ATP-binding membrane cassette transport protein A1 (ABCA1)-mediated cholesterol efflux. These findings suggest a connection between lipid metabolism and ER stress [16] . However, the signaling networks linking macrophage ER function, lipid metabolism, and atherogenesis remain obscure. Here, we investigated the mechanisms that contribute to cholesterol metabolism disorder in macrophages, with a focus on ER stress.
CCAAT/enhancer-binding protein-homologous protein (CHOP) is a leucine zipper transcription factor present at low levels under normal conditions, but its expression is enhanced in response to ER stress [17] . CHOP is significantly increased in macrophages from thin-cap atheroma and ruptured plaques, which represent evidence of ER stress and UPR activation at advanced stages in atherosclerosis [18] . ER stress-induced apoptosis associated with the upregulation of CHOP has been demonstrated in atherosclerotic lesions in humans and apolipoprotein E-deficient (ApoE -/-) mice. Moreover, several studies have observed the same tendency in CHOP levels and cholesterol accumulation in atherosclerotic models, although the relationship between CHOP and cholesterol metabolism remains inconclusive [19, 20] . Thus, in addition to its role as a key signaling component of ER stressinduced apoptosis during atherosclerosis, the role of CHOP in lipid metabolism has yet to be explored.
Intracellular levels of cholesterol are tightly regulated via microRNAs (miRNAs) [21] . miRNAs are highly conserved noncoding RNAs that act as post-transcriptional inhibitors of gene expression [22] . One of the best-characterized miRNAs regulating cholesterol efflux is miR-33, which is an intronic miRNA located within the sterol regulatory element-binding transcription factor genes. miR-33 regulates high-density lipoprotein (HDL) biogenesis and cholesterol efflux by downregulating ABC transporter expression in a variety of cell types [23] [24] [25] . Anti-miR-33 therapy promotes cholesterol efflux from macrophages, which reduces plaque progression in mouse models of atherosclerosis [26] [27] [28] . In human studies, the expression of miR-33 is significantly increased in carotid atherosclerotic plaques. Furthermore, miR-33 expression is markedly increased in hypercholesterolemic patients compared with normocholesterolemic counterparts, thus indicating the important role of miR-33 in regulating cholesterol efflux and atherosclerosis progression [29, 30] .
The aim of this study was to verify that CHOP contributes to macrophage lipid metabolism disorder and investigate whether miR-33 is involved in ER stress-mediated inhibition of cholesterol efflux. We inhibited ER stress with tauroursodeoxycholic acid (TUDCA) to study the effects on atherosclerotic lesions and systemic lipid levels in ApoE -/-mice. The relationship between ER stress and miR-33 represents a novel target for the treatment of atherosclerosis.
Materials and Methods

Cell Culture and Reagents
Human THP-1 monocytes (ATCC, Manassas, VA) were cultured in RPMI 1640 medium containing 10% fetal bovine serum with penicillin (20 µg/mL) and streptomycin (20 µg/mL) at 37°C and 5% CO 2. Cells at logarithmic growth phase were seeded at 10 6 cells/mL in 100 ng/mL phorbol-12-myristate-13-acetate (PMA) for 72 h and differentiated into adherent THP-1 derived macrophages.
PMA, thapsigargin (TG), tunicamycin (TM), and TUDCA were purchased from Sigma-Aldrich (St. Louis, MO). Antibodies against transcription factor 4 (ATF4), glucose-regulated protein 78 (GRP78), class B SR (CD36), ABCA1, and apolipoprotein A-I (ApoA-I) were purchased from Abcam (Cambridge, UK). ATP-binding cassette transporter G1 (ABCG1) and SR class B type I (SR-BI) were obtained from NOVUS Biologicals (Littleton, CO). CHOP was obtained from Cell Signaling Technology (Beverly, MA), and horseradish peroxidase (HRP)-conjugated secondary antibodies and β-actin were obtained from ZSGB-BIO (Beijing, China). Fluorescent dyes, including Hoechst 33342 and 4',6-diamidino-2-phenylindole (DAPI), were purchased from Molecular Probes (Invitrogen, Carlsbad, CA). Chemical agents such as PMA, TG, TUDCA, and TM were dissolved in dimethyl sulfoxide (<0.1%) prior to use.
Animal experiments
Male C57/Bl6J and ApoE -/-mice (6 weeks old) were purchased from the Animal Centre of Capital Medical University (Beijing, China). Mice were fed a normal diet or a Western diet (0.25% cholesterol, 21% fat, 19.5% casein, 34.16% sugar) for 16 weeks. All experimental procedures were approved by the Animal Care and Use Committee of Capital Medical University.
Twenty-four male mice were assigned to the control group (C57/Bl6J mice, n = 8), model group (ApoE Blood and aorta samples were harvested for analysis. Blood samples were collected from the angular vein and stored at -80°C until measurement of plasma total cholesterol (TC) and LDL-cholesterol (LDL-C) with a Hitachi 7170 automatic analyzer (Hitachi Limited, Tokyo, Japan). Aortic roots were fixed in 4% paraformaldehyde, embedded in paraffin, and sliced to 5-μm thickness for hematoxylin-eosin (H&E) staining. Aorta samples were dissected and perfused to allow for quantification of atherosclerotic lesions with Oil Red O staining, as described previously [31] . Lipid deposits were quantified in a blinded fashion with ImageJ software (NIH, Bethesda, MD, USA). Remaining aorta samples were stored at -80°C. Total protein was harvested for western blot analysis of biomarkers related to ER stress and cholesterol metabolism. Mice were euthanized via pneumothorax after tissue collection. After treatment, cells were seeded in glass-bottom cell culture dishes, fixed in 4% paraformaldehyde, and permeabilized with 0.1% Triton X-100, followed by blocking with 3% bovine serum albumin (BSA). They were then immunolabeled with specific primary antibodies (ABCA1, 1:100) overnight at 4°C. After rinsing, the cells were incubated with the corresponding FITC-conjugated secondary antibody (1:250) in 1% BSA for 1 h at 37°C. Nuclei were stained with DAPI for 5 min at room temperature. Fluorescence was detected by a LEICA TCS-SP2 laser confocal microscope (Leica Microsystems, Wetzlar, Germany).
1, 1′-Dioctadecyl-3, 3,3′,3′-tetramethylindocarbocyanine perchlorate labeled ox-LDL binding assay
Ox-LDL uptake was tracked with the 1, 1′-dioctadecyl-3, 3,3′,3′-tetramethylindocarbocyanine perchlorate labeled ox-LDL (DIL-ox-LDL; Peking Union-Biology Co., Ltd., Bejing, China). After treatment with TG or TUDCA for 18 h, macrophages were incubated with DIL-ox-LDL (50 μg/mL) for 6 h at 37°C in the dark. Binding was measured at 488/565 nm.
Oil Red O staining
Oil Red O (Sigma-Aldrich) was used to measure lipid accumulation and foam cell formation after TG or TUDCA treatment. Differentiated macrophages were cholesterol-loaded with 50 μg/mL ox-LDL for 72 h. Cells were fixed with 4% paraformaldehyde, followed by dehydration with 60% isopropanol for 2 min. Neutral lipids were stained with filtered 0.3% Oil Red O solution for 10 min at room temperature. Hematoxylin was used to counterstain cell nuclei for 1 min after rinsing with 60% isopropanol. Oil Red O-stained lipid drops were observed by light microscopy.
Cholesterol efflux
The capacity of macrophages to degrade cholesterol was measured with the Cholesterol Efflux Fluorometric Assay Kit (BioVision, Inc., Milpitas, CA) according to the manufacturer's instructions. Briefly, macrophages in 96-well plates were incubated with fluorescence-labeled cholesterol for 16 h at 37°C. After preincubation with TG or TUDCA, macrophages were treated with cholesterol acceptor HDL (50 μg/well). The supernatants and cell monolayers were then solubilized by cell lysis buffer and transferred to a 96-well plate. Measurements were obtained at 482/515 nm. Cholesterol efflux was calculated as follows: Cholesterol efflux % = Fluorescence intensity of media/(Fluorescence intensity of cell lysate + media) × 100.
Real-time polymerase chain reaction
Real-time polymerase chain reaction (PCR) was performed as previously described [32] . Briefly, total RNA was extracted from cells with Trizol reagent (Invitrogen) and reverse-transcribed with the GoScript Reverse Transcription System (Promega, Madison, WI). Quantitative PCR was performed on the Bio-Rad iQ5 detection system (Bio-Rad, Hercules, CA) with Real-Time PCR Easy (SYBR Green I; FORGENE, Sichuan, China). The following primers were used: ABCA1, forward 5′-TGGCAGTGTCCAGCATCTAA-3′ and reverse 5′-GTATTGTAGCATGTTCCGGTGT-3′; ABCG1, forward 5′-CGGGGAAAAGTCTGCAAT-3′ and reverse 5′-GGTGCCAAAGAAAAGGGT-3′; SR-B1, forward 5′-TCCATCTACCCACCCAACGAG-3′ and reverse 5′-GTCAGCGTTGAGGAAGTGAGGAT-3′; CD36, forward 5′-TGAGTTTGGTTCCGTAC CCTG-3′ and reverse 5′-ATGTGTCGATTATGGCAACTTTACT-3′; ApoA-I, forward 5′-AAGACAGC GGCAGAGACTATG-3′ and reverse 5′-CTCTGTCTCCTTTTCCAGGTTAT -3′; CHOP, forward 5′-TTCACCACTCTTGACCCTGCT-3′ and reverse 5′-TCCGTTTCCTGGTTCTCCCTT-3′; miR-33a-5p, forward 5′-CATTGTAGTTGCATTGC-3′ and reverse 5′-GGCCAACCGCGAGAAGATG -3′; miR-144a-3p, forward 5′-GCTGGGATATCATCATATACTG-3′ and reverse 5′-CGGACTAGTACATCATCTATACTG-3′. Gene expression was normalized to that of GAPDH and U6 snRNA. All samples were performed in duplicate. Data were analyzed using the 2 −ΔΔCt method.
Western blot analysis
Total protein was extracted from frozen crushed aorta tissue and cells by adding ice-cold RIPA buffer containing protease and phosphatase inhibitors. For western blot analysis, equivalent amounts of protein samples were separated on sodium dodecyl sulfate polyacrylamide gel electrophoresis gels and transferred onto polyvinylidene fluoride membranes (Millipore, Schwalbach, Germany), followed by blocking for 2 h at room temperature with 5% skim milk (in TBS). Membranes were probed with specific primary antibodies at 4°C overnight with slight agitation, then incubated with HRP-conjugated secondary antibodies at room 
Transfection
Small interfering RNAs (siRNAs) were used to knock down CHOP and miR-33 in macrophages. An irrelevant 21-nucleotide siRNA was used as negative control (GenePharma, Shanghai, China). The target sequences were as follows: CHOP-sh#1: 5′-GAGCUCUGAUUGACCGAAUTT-3′; CHOP-sh#2: 5′-GAAACGGAAACAGAGUGGUTT-3′; CHOP-sh#3: 5′-GGUCCUGUCUUCAGAUGAATT-3′. The efficiency of CHOP siRNA transfection was confirmed by western blot analysis. The primer used for miR-33 inhibition was 5′-UGCAAUGCAACUACAAUGCAC-3′. Transfection efficiency was detected by real-time PCR.
Statistical analysis
All data are presented as the mean ± standard deviation (SD) from at least three independent experiments. Statistical analysis was performed with SAS 9.3 software (SAS Institute Inc., Cary, NC). Differences between groups were detected using Student's t-test or one-way analysis of variance. Statistical significance was defined as P < 0.05.
Results
TUDCA decreases severity of atherosclerosis in ApoE
-/-mice Because ER stress plays an important role in the formation of atherosclerotic plaques, we investigated whether TUDCA, an inhibitor of ER stress, could ameliorate progression of plaque formation in vivo. H&E-stained cross-sections of the aortic root showed that the lesion area was smaller in the TUDCA group than in the model group (335951 ± 143395 μm 2 vs. 639450 ± 176827 μm 2 , P < 0.01, n = 6; Fig. 1a) . Further quantification by Oil Red O staining demonstrated that the total plaque area (%) in the aorta was significantly reduced 
in the TUDCA group compared with the model group (5.727 ± 3.106% vs. 13.63 ± 4.816%, P < 0.01, n = 6; Fig. 1b) , indicating that atherosclerotic plaque formation was inhibited in TUDCA mice. While abnormal lipid metabolism may affect the pathogenesis of atherosclerosis [8] , it remains unclear whether TUDCA modulates systemic lipid levels during atherosclerosis. We therefore measured the levels of LDL-C and TC in control, model, and TUDCA mice. The levels of TC and LDL-C were significantly increased in the model and TUDCA group compared with the control group (P < 0.001, n = 6). Plasma TC content was lower in mice treated with TUDCA compared with the model group (349.2 ± 50.88 mg/dL vs. 443.0 ± 86.44 mg/dL, P < 0.05, n = 6), whereas LDL-C content was comparable between the groups (70.17 ± 18.00 mg/ dL vs. 73.62 ± 16.09 mg/dL, P > 0.05, n = 6; Fig. 1c, 1d ).
To determine whether TUDCA could inhibit lipid metabolism disorder in atherosclerotic lesions by mitigating ER stress, we analyzed ER stress indicators and lipid catabolism transporters in mouse aorta. Expression of ER stress markers ATF4, CHOP, and GRP78 was increased in model mice compared with controls; this effect was reversed by treatment with TUDCA. In the model group, lipid uptake receptor CD36 was activated, and the levels of cholesterol efflux transporters ABCA1 and ApoA-I decreased. These effects were also reversed by TUDCA treatment (Fig. 1e, 1f ). These findings indicate that TUDCA treatment regulates lipid metabolism in lesions and promotes the regression of established atherosclerosis.
Lipid catabolism of macrophage is regulated by ER stress
To elucidate the functional relevance of lipid catabolism and ER stress, we analyzed the effects of ER stress induction and inhibition (TG and TUDCA) on macrophage lipid uptake and efflux. The results of the DIL-ox-LDL binding assay showed that cholesterol uptake increased by approximately 35% in TG-treated macrophages compared to control cells. Cholesterol uptake decreased slightly in the TUDCA-treated group (Fig. 2a) .
TG significantly reduced cholesterol efflux via TUDCA-promoted macrophage cholesterol efflux (Fig. 2b) . Cellular lipid accumulation (as indicated by Oil Red O staining) was increased by TG incubation and reduced by pretreatment with TUDCA (Fig. 2c) . These findings suggest that the imbalance between lipid uptake and efflux in macrophages is related to ER stress. 
ER stress modulates transporters of cholesterol uptake and efflux in macrophages
To further investigate the putative link between ER stress and cholesterol metabolism, we measured the expression of CD36, SR-BI, ABCG1, ABCA1, and ApoA-I, which are transporters essential for cholesterol uptake and efflux in macrophages, after inducing acute ER stress. We applied TG or TM, which impairs protein glycosylation or disturbs intracellular calcium homeostasis and results in ER stress [33, 34] . Macrophages were incubated with TG for 24 h. As expected, TG treatment induced the expression of several UPR markers, including ER chaperone GRP78, ATF4, and CHOP. These effects were dose-dependent (Fig. 3a, 3c) . The expression of CD36, an important receptor for cholesterol uptake in macrophages, was increased. Levels of transporters that mediate cholesterol efflux, including ABCA1, ABCG1, SR-BI, and ApoA-I, were reduced at both the transcriptional and translational levels (Fig.  3b, 3d-f) . Compared with CHOP expression, ABCA1 mRNA expression exhibited an inverse pattern (Fig. 3g) . Furthermore, the location of ABCA1, which is important for its function, was redistributed to tubular perinuclear compartments after TG treatment (Fig. 3h) . For further confirmation, macrophages were treated with TM, which independently induced ER stress. Similarly, TM treatment reduced the expression of ABCA1 and ApoA-I, whereas the expression of GRP78, ATF4, CHOP, and CD36 increased (Fig. 4a, 4b) . These results suggest a general role for ER stress in the regulation of lipid metabolism in macrophages.
CHOP contributes to macrophage lipid metabolism disorder following ER stress
CHOP, a protein downstream of the UPR, is induced in advanced murine and human coronary artery plaques [17] . To further support the critical role of CHOP in the regulation of macrophage cholesterol catabolism following ER stress, we measured lipid uptake and efflux in macrophages after treatment with TG (with or without CHOP knockdown via CHOP siRNA). We found that CHOP siRNA #3 reduced CHOP expression by approximately 59%, indicating that knockdown was successful (1.000 ± 0.05863 vs. 0.4133 ± 0.009644, P < 0.001, n = 3; Fig. 5a ). The results of the DIL-ox-LDL binding assay showed that lipid uptake in macrophages, promoted by TG treatment, was significantly reversed by CHOP siRNA (Fig.  5b) . The lipid efflux capacity of macrophages was reduced significantly by TG treatment and this effect was effectively reversed by CHOP siRNA (Fig. 5c) . Similarly, the results of Oil Red O staining showed that lipid accumulation in macrophages was increased by TG incubation and reduced by CHOP siRNA pretreatment (Fig. 5d) . Downstream ER stress signal CHOP appears to be critical for macrophage lipid catabolism in response to alternative activation.
miR-33 contributes to the reduction in ABCA1 levels induced by ER stress
Although we have verified the association between ER stress and ABCA1 reduction, the exact mechanism by which ER stress affects ABCA1 content requires further investigation. miR-33 is an important regulatory factor of lipid homeostasis, which links the sterol regulatory element-binding protein activation to the reduced expression of ABCA1 in humans. Accordingly, we analyzed the expression of miR-33 after ER stress induction in macrophages. As shown in Fig. 6a , miR-33 levels increased significantly after exposure to TG, indicating that miR-33 may play a key role in ER stress-induced lipid metabolism disorder in macrophages.
We used siRNA to knock down miR-33 to investigate the effects on lipid efflux (Fig. 6b) . As expected, cholesterol efflux was improved in miR-33 knockdown macrophages compared with controls. The reduction in lipid efflux capacity induced by TG treatment was reversed by si-miR-33 (Fig. 6c) . After TG incubation, miR-33 knockdown macrophages had accumulated nearly 55% less cholesterol than normal cells (Fig. 6d) . As for the reverse cholesterol transporters closely related to lipid efflux, the decrease in expression of ABCA1 induced by TG treatment was reversed by si-miR-33; knockdown of miR-33 had no significant effect on the protein level of ABCG1, SR-BI, or ApoA-I, which supports our conclusions based on mRNA expression (Fig. 6e-i) . These data indicate that miR-33 is involved in the ER stressinduced impairment of lipid efflux capacity and ABCA1 reduction in macrophages. 
Ox-LDL influences the expression of ER stress markers and lipid metabolism transporters
ABCA1, ABCG1, and SR-BI, was increased in cells exposed to ox-LDL compared with controls, indicating that not only ER stress but also other pathways are involved in the lipid metabolism disorder induced by ox-LDL in macrophages. Moreover, the expression of ApoA-I, another primary transporter of lipid efflux, was significantly reduced by ox-LDL (Fig. 7b, 7d ). We then assessed the relationship between mRNA expression of CHOP and ABCA1 after exposure to ox-LDL (100 μg/mL). The ABCA1 mRNA level peaked 18 h after ox-LDL treatment, while as CHOP mRNA levels increased, ABCA1 levels decreased. ABCA1 levels were lowest at 72 h, indicating that cholesterol efflux was reduced under prolonged ox-LDLinduced ER stress (Fig. 8) .
ER stress contributes to ox-LDL-induced lipid metabolism disorder in macrophages
To further clarify whether ER stress is responsible for ox-LDL-induced lipid metabolism disorder in macrophages, we treated macrophages with or without TUDCA, during ox-LDL incubation. TUDCA decreased ox-LDL-induced ER stress, as demonstrated by reduced UPR protein activation compared with that observed in non-TUDCA treated cells (Fig. 9a) . TUDCA treatment decreased the expression of CD36 induced by ox-LDL and further increased the levels of ABCA1, ABCG1, SR-BI, and ApoA-I (Fig. 9b) . Furthermore, we investigated whether CHOP and miR-33 were involved in ox-LDL-induced lipid metabolism disorder. As shown in Fig. 9c , the increase in CD36 levels induced by ox-LDL was reversed by CHOP siRNA. Transporters involved in cholesterol efflux were further activated in macrophages pretreated with CHOP siRNA compared with macrophages that underwent ox-LDL incubation alone. simiR-33 contributed only to ABCA1 levels and had no impact on other transporters. 
Discussion
This study provides new evidence showing that atherosclerotic lesions and systemic lipid levels in ApoE -/-mice are ameliorated following TUDCA treatment. Furthermore, overexpression of miR-33 was involved in the ER stress that induced lipid metabolism disorder in macrophages. Our findings also support a model of ER stress induction by ox-LDL that affects macrophage lipid catabolism, suggesting that ER stress is a potential therapeutic target for the treatment of atherosclerosis (Fig. 10) .
ER stress can adversely affect cell biological processes and exacerbate systemic risk factors for atherosclerosis [11] . Human atherosclerotic coronary artery lesions showed a marked increase in GRP78, glucose-regulated protein 94, and CHOP expression in the thin-cap fibroatheroma or ruptured plaques, which suggests that ER stress may affect the vulnerability of plaques as well as the acute complications of coronary atherosclerosis [18] . Zhou et al [14] . showed that activation of the UPR occurs at all stages of atherosclerotic lesion development in ApoE -/-mice. Moreover, the administration of phenyl butyric acid, an ER stress inhibitor, reduces lipid-induced macrophage apoptosis and overall vascular lesion burden in vitro and in vivo [35] . Similarly, we found that atherosclerosis lesions and systemic lipid levels were ameliorated by inhibition of ER stress in ApoE -/-mice, and this was accompanied by a reversal in the expression of lipid catabolism transporters. These observations indicate that ER function affects overall vascular lesion development and suggest that ER stress not only contributes to cell death but also plays a broader role in the pathophysiological process of atherosclerosis.
Lipid metabolism has a direct association with ER stress because many key lipogenic pathways are situated in the ER [36] . Existing data support the view that ER stress promotes lipogenesis and lipid accumulation in hepatic cells [37, 38] . Macrophage studies typically focus on the major role of UPR activation in advanced lesional macrophage death and plaque necrosis, but few studies have investigated lipid metabolism in macrophages [11] . Yao et al [39] . reported that ER stress promotes lipid accumulation in macrophages by upregulating CD36 expression. We further demonstrated that lipid catabolism and related transporters in macrophages are regulated by ER stress. Moreover, the downstream ER stress signal (CHOP activation) and miR-33 over-expression are critical to this process. Hence, modulation of the upstream pathways of apoptosis induced by ER stress may provide new insights into the pathogenesis of atherosclerosis and the associated effects on macrophage lipid metabolism. Modified LDL can also compromise ER function by adversely affecting metabolic homeostasis and promoting further stress. Acute ER stress may be induced by excess cholesterol in macrophages [40] . In combination with our findings, these observations raise the possibility that ER stress may be a target for lipotoxicity. Whether individual UPR branches become engaged remains unclear. Moreover, levels of cholesterol efflux transporters including ABCA1, ABCG1, and SR-BI were increased by ox-LDL in our study, which is in accordance with previous findings [41, 42] . This difference between TG and ox-LDL treatment reveals that not only ER stress but also other pathways are involved in lipid metabolism disorder induced by ox-LDL in macrophages. Lipidinduced ER stress and cholesterol metabolism disorder in cultured macrophages were also mitigated by treatment with TUDCA or CHOP knockdown, which suggests a potential therapeutic target for macrophage lipid disorder in atherosclerosis. To further explore the pathophysiological process of disease and reveal the unknown aspects of ER biology and the UPR pathway, we sought to elucidate the mechanisms involved in lipidinduced ER stress.
As hypercholesterolemia has repeatedly been associated with atherosclerosis, strict regulation of lipid metabolism is essential for the maintenance of cholesterol homeostasis. Over recent decades, miRNAs have been proposed as central regulators of lipid and lipoprotein metabolism [43] [44] [45] . The miR-33 family has attracted attention because of its role in the regulation of genes involved in HDL metabolism, cholesterol efflux, fatty acid oxidation, and bile acid synthesis and secretion [46] . Several studies have shown that miR-33 regulates cholesterol efflux by targeting the ABCA1cholesterol transporter gene in a variety of cell types [23, 47] . We found that ER stress decreases ABCA1 levels in human macrophages via over-expression of miR-33, which suggests that it has an important role in ER stress-induced cholesterol metabolism disorder. However, the level of miR-144, which is reported to directly target ABCA1 in mouse and human hepatocytes in order to decrease cholesterol levels [25, 48, 49] , was unaltered in macrophages after exposure to TG (Fig. 11) .
In summary, the findings of this study shed new light on how ER stress leads to lipid metabolism disorder in vivo and in vitro. Challenging but crucial problems related to the 
